Results of recent research show that particulate matter (PM) composition and size vary widely with both space and time. Despite the variability in PM characteristics, which are believed to influence human health risks, the observed relative health risk estimates per unit PM mass falls within a narrow range of values. Furthermore, no single chemical species appears to dominate health effects; rather the effects appear to be due to a combination of species. Non-PM factors such as socioeconomic status and lifestyle are also believed to affect the health risk, although accounting for these confounding factors is challenging. Airborne PM is also responsible for a number of effects aside from human health, such as alterations in visibility and climate. Because the PM problem is associated with a range of societal issues such as energy production and economic development, making progress on reducing the effects of PM will require integrated strategies that bring together scientists and decision makers from different disciplines to consider tradeoffs holistically.
INTRODUCTION AND BACKGROUND
In response to epidemiology studies published over the past 20 years, at least three research communities have been intensively studying airborne particulate matter (PM). 1 These efforts have been coordinated by approaching the SourceAirborne Concentration-Receptor-Exposure-Dose-Health Effects paradigm (adopted from the National Research Council 2001, p. 24) from different perspectives or along different parts of the paradigm. The interests of the atmospheric sciences community include the emissions of particles and precursors from sources, their transport and transformation in air to receptor locations, and finally removal from the atmosphere. The interests of the exposure community are to examine the pathways by which pollutants, particulate matter in this case, approach and enter the body, for example by relating exposures to PM concentrations at central locations and to other factors. Both the atmospheric sciences and exposure communities approach the paradigm from left to right, although beginning from different points along the paradigm. In contrast, the health effects community has studied health outcomes, including hospital admissions, school absences, disease rates and deaths in human populations, and potential mechanisms of biological actions in laboratory settings. In general, health effects scientists approach the paradigm from right to left, attempting to correlate an observed adverse health effect with dose or exposure measures. For the most part, research results are reported in scientific publications and conferences for each community separately. Over the years, there has been little effort to integrate information from these diverse groups in a substantive way (National Research Council 1998 , 1999 Phalen 2002) . While a major attempt took place in 1998 at a workshop in Chapel Hill (Albritton and Greenbaum 1998) , little has occurred after that meeting until recently.
The first major integrative conference covering these topics was the specialty conference of the American Association for Aerosol Research held in Pittsburgh, Pennsylvania in April 2003. Entitled Particulate Matter: Atmospheric Sciences, Exposure and the Fourth Colloquium on PM and Human Health, the conference was co-chaired by the authors of this article. The overall goal of the conference was to bring together health and exposure scientists with atmospheric scientists, air quality managers, and policy makers to allow for enhanced communications and exchange of information among these groups. As a result of this meeting, we now have an opportunity to summarize the state of scientific understanding regarding several important questions related to PM and human health.
The objective of this paper is to provide such a summary in concise form, focusing on the eight key questions that comprised the framework of the specialty conference. We cite many relevant papers in this field, most of which were either presented at the conference or were cited during the presentations. We also provide examples of important data presented at the conference that have improved our understanding of particulate matter air pollution.
For detailed information about specific topics mentioned in this review paper, the reader is referred to special issues of five journals devoted to papers presented at the conference: Aerosol Science and Technology; Atmospheric Environment; Journal of the Air & Waste Management Association; Journal of Geophysical Research-Atmospheres; and Inhalation Toxicology . Additional details regarding papers presented at the conference and organization of the conference can be found at http://www.aaar.org/PM2003/PM03confinfo.htm.
A. What Are the Policy Perspectives Linking PM Emissions, the Atmosphere, and Effects?
Atmospheric PM is a highly variable and complex mixture of particles and gases. Primary particles are emitted directly from sources, while secondary particles are formed in the atmosphere from gaseous emissions. Both primary particles and precursor gases can be emitted from natural and anthropogenic sources. The U.S. EPA National Ambient Air Quality Standards (NAAQS) for PM 2.5 are 65 µg/m 3 for a 24-hour average, and 15 µg/m 3 for an annual average (U.S. EPA 2004a). On December 17, 2004, the U.S. EPA designated 224 counties plus the District of Columbia as nonattainment for the annual average PM2.5 NAAQS (http://www.epa.gov/pmdesignations/). Approximately 95 million people live in these nonattainment areas. Only a few counties, mostly in California, exceed the 24-hour average PM2.5 NAAQS, but these counties also exceed the annual average PM2.5 NAAQS.
Several factors make it difficult to establish policies for reducing levels of atmospheric PM. First, PM 2.5 and precursor gases can be transported over long distances, allowing mixing of the two over space and time as well as mixing of urban and rural pollution. This makes it difficult to identify which sources are producing the primary particulate matter material and precursor gases. For example, recent data on the ratio of 13 C to 14 C in PM 2.5 near Houston suggest that up to 75% of the organic carbon component of PM 2.5 is associated with modern carbon or biomass related combustion, as opposed to carbon from fossil fuels (Lemire et al. 2002) . This result is unexpected, considering the great amounts of oil, gas, and other fossil fuels used in Houston, Texas, and suggests that additional work is needed to understand biogenic sources. It is also known that greater than 75% of the PM 2.5 sulfate and organic carbon in several Eastern cities is derived from regional sources in upwind areas, not due to local sources (Cabada et al. 2004; Dutkiewicz et al. 2004; Modey et al. 2004; Tang et al. 2004; Tanner et al. 2004 ). This suggests it may be difficult to meet the NAAQS by relying only on local controls in many urban areas.
Second, even when the most important sources have been identified, it is difficult to estimate the emissions under all possible conditions. This is especially true of NH 3 , where emissions from livestock manure, fertilizers, and soil can vary by orders of magnitude as atmospheric and surface conditions change (Anderson et al. 2003) . NH 3 is often the limiting constituent in the production of particles by the conversion of acid gases to their ammonium salts (e.g., NH 4 HSO 4 , (NH 4 ) 2 SO 4 , NH 4 NO 3 ) .
Third, atmospheric chemistry can be nonlinear. As an example, the chemical interactions between nitrogen oxides, sulfur oxides, and ammonia can lead to counterintuitive results. Reductions of SO 2 from sources will generally reduce SO 2− 4 levels, but might increase NO − 3 due to the availability of the NH 3 that was associated with the sulfate before SO 2 reductions occurred. Reductions of NO x can change the atmospheric system in complex ways and can either increase or decrease SO 2− 4 , NO − 3 , and O 3 (Pandis 2004, pp. 3-14 and 3-15) . The effects of various control strategies on concentrations of organic compounds are also unknown. Therefore, the ultimate impacts of abatement efforts on human health and welfare effects are difficult to predict.
Fourth, some events can lead to excessive PM 2.5 concentrations that cannot be readily reduced by human intervention. The dust storms in Africa in 2001 and forest fires in eastern Canada in 2002 were huge sources of particles and precursor gases that exacerbated the PM problem in the eastern United States. Dry conditions in the Southwest can cause soil in the surrounding regions to contribute to PM 2.5 mass in urban areas.
Fifth, economic and other tradeoffs associated with control actions may be substantial. As PM standards become more stringent, compliance costs escalate, and a decrease in economic productivity becomes more likely. However, such a decrease may be balanced or overcome by reduced health care and other costs associated with the adverse effects of PM (U.S. EPA 1999).
The EPA is establishing a National Core Network (NCORE) to improve monitoring for PM 2.5 . A diagram illustrating the concept of the NCORE system is shown in Figure 1 established at levels 1, 2, and 3 provide a range of monitoring and research capabilities to further our ability to understand and regulate PM. NCORE involves multi-pollutant monitoring to address multiple objectives, such as identifying nonattainment areas and quantifying the specific chemical constituents in PM. The latter is important so that PM mass at a receptor can be apportioned back to its sources. Furthermore, NCORE provides support to epidemiology and toxicology studies so that physical and chemical characteristics most harmful to human health can be identified. At present, there is a lack of agreement between results of ambient epidemiological studies and toxicology studies in the lab, which will be discussed below. Information on the NCORE program can be obtained from the U.S. EPA (2004b) .
It is of interest that the European Union has adopted the "precautionary principle" regarding regulation of PM. Simply stated, existing PM levels are assumed to be responsible for at least a fraction of the illness observed in polluted areas; it is also assumed that the incidence of illness can be decreased by reducing PM 2.5 concentrations (Buringh 2003 (Blanchard 2004) . Chemical species for each site are presented clockwise in the pie charts in the same order as in the legend. Reprinted from Chapter 6, Figure 6- Figure 2 shows the composition of PM 2.5 at various sites in the United States, Canada, and Mexico (Blanchard 2004 and crustal material (typically considered the sum of oxides of the trace elements most abundant in soil, e.g., Si, Al, Fe, Ca, etc.) comprise varying fractions depending on location, but usually each contributes less than 10-15% of the PM 2.5 , with higher EC levels in urban areas and higher soil dust in the western United States. The "other" category includes particles such as trace metals from fossil fuel combustion, natural bioaerosols such as from microbial, plant, and animal sources, and water associated with the particles.
Several studies have attempted to isolate the health effects of specific chemical components in PM 2.5 . Most of these efforts have not been able to implicate individual chemical species, but rather have found that a variety of chemical as well as physical properties of aerosols, such as particle number, surface area, and mass, are associated with health effects (Harrison and Yin 2000) . For example, greater numbers of people in cities become ill when airborne concentrations of PM 2.5 mass and PM 2.5 SO 2− 4 increase (e.g., Thurston et al. 1994; Schwartz et al. 1996; Pope 2000) . Examples of associated illnesses include respiratory problems, changes in heart rhythms, heart attacks, and severe respiratory and heart malfunctions leading to death. There also are more absences at work and at school when airborne concentrations increase. In the Harvard six-cities study, Dockery et al. (1993) show that increases in PM 2.5 mass and PM 2.5 SO 2− 4 are associated with increases in death rates ( Figure 3 ). This includes death rates from all causes and death specifically from respiratory and heart problems, as well as from lung cancer. In Holland, Hoek et al. (2002) report that death rates increase when there are increasing airborne concentrations of black smoke (black or dark particles emitted from incomplete combustion and often referred to as soot, such as emitted from diesel sources) and pollutants emitted FIG. 3 . Increased mortality rate ratios due to fine particles (FP), which are particles less than 2.5 microns in aerodynamic diameter, and sulfate particles from the Harvard Six-Cities Study (Dockery et al. 1993) . Concentrations on the x-axis are given in µg/m 3 . The y-axis shows the ratio of the death rate in each city (deaths/year normalized by population) to the lowest death rate measured, namely that in Portage, Wisconsin. Reprinted with permission from New Engl. J. Med. 329:1753 Med. 329: -1759 Med. 329: , 1993 . Copyright 1993, Massachusetts Medical Society. All rights reserved.
FIG. 4a. Reduction in concentrations of black smoke in Dublin, Ireland, following a city-wide ban on sales of coal (Clancy et al. 2002) . Reprinted with permission from Elsevier (Lancet. 360:1210 (Lancet. 360: -1214 (Lancet. 360: , 2002 .
from motor vehicles. Using data obtained prior to and following a 1990 law prohibiting sale of coal in the city of Dublin, Clancy et al. (2002) quantify decreases in concentrations of black smoke ( Figure 4a ) along with decreases in death rates from lung cancer and from lung and heart ailments ( Figure 4b ). However, the Dublin results must be confirmed in order to eliminate the effects of other factors that have recently improved public health.
Pope (2000) highlights four categories of chemical constituents likely to be responsible for the observed health associations: emissions from combustion of fossil and biomass fuels, particles generated by high temperature industrial processes such as smelting, products of chemical reactions in the atmosphere such as SO 2− 4 and NO − 3 , and fine particles from soil and other sources. Pope's conclusions have some support from factor analysis studies (e.g., Grahame and Hidy 2004) . In contrast, dose-response correlations are absent and the harmful agents are still uncertain. Research is needed to determine whether there are human health effects from specific chemical species like polynuclear aromatic hydrocarbons and certain trace metals that are toxic at high concentrations, but are found FIG. 4b . Reduction in cardiovascular mortality in Dublin, Ireland, following a city-wide ban on sales of coal (Clancy et al. 2002) . The y-axis shows deaths per 1000 person years. Reprinted with permission from Elsevier (Lancet. 360:1210 (Lancet. 360: -1214 (Lancet. 360: , 2002 . AIRBORNE PARTICULATE MATTER AND HUMAN HEALTH 741 in only trace concentrations in PM. Furthermore, little is known about the health effects of ultrafine particles (geometric diameter less than 0.1 micrometers), which can be emitted directly from sources or formed in the atmosphere by nucleation from precursor gases (Woo et al. 2001; Stanier et al. 2004 ). The roles of gases such as NO 2 , CO, and volatile organic compounds in producing effects or modifying PM effects are also poorly understood. Finally, the roles of coarse particles and the ever-present biological aerosols require additional research.
C. What Are the Sources of Precursor Gases and PM That Are Potentially Causing Health Effects?
Current estimates of the global emissions of PM 2.5 are shown in Table 1 (Scheffe 2003) . Both natural and anthropogenic sources are responsible for particles with potential to cause health effects. For example, natural emissions include gaseous sulfur from volcanoes as well as from decaying vegetation, which can form secondary sulfate particles in the atmosphere. Anthropogenic sources such as coal and oil acids, elemental carbon, heavy metals, and organic species emitted from coal and oil combustion.
The 1999 national emission inventory for the United States, including PM 2.5 , PM 10 , and several gaseous pollutants, is presented in Figure 5 (Hidy and Pace 2004) . The inventory shows the fraction of emissions in each of six major categories. Over 70% of the PM 2.5 emissions are in the "open sources" category, referring to emissions from road dust, wind blown dust, and other fugitive sources.
A more detailed inventory for 2001 focusing on primary anthropogenic PM 2.5 is shown in Figure 6 (U.S. EPA, 2004d). The largest source category averaged over the United States is utility fuel combustion, which is mainly coal burning for electricity production accounting for 570 Ktons/yr. The other two high temperature process categories, namely industrial fuel combustion and metals processing, bring the total emissions for high temperature processes to 970 Ktons/yr. Three mobile source categories include non-road diesel, non-road gasoline, and on-road diesel Data are from Kamens (2003) , Jacobson (2000) , Seinfeld and Pandis (1998) p. 102, Kiehl and Rodhe (1995) , Griffin et al. (1999) . 1 Tg = 10 12 g. FIG. 5. 1999 National emissions in the U.S. This figure was prepared by R. Scheffe from data in Chapter 4, Understanding the health effect impacts of sources of PM 2.5 requires approaching the problem from different directions. For example, some studies have attempted to correlate epidemiological data with emissions using source apportionment methods. However, such attempts are limited due to lack of knowledge as to what is actually inhaled by affected individuals as well as the limited ability of source apportionment methods to accurately identify and quantify specific sources of concern. Other studies have used the collection of PM 2.5 emitted directly from sources in toxicology studies to check the toxicity of emissions from those specific sources. However, particle attributes may change during atmospheric transport and during storage and recovery from filters, and furthermore mixtures of particles from different sources can impact toxicity. Thus, it also is necessary, and likely more appropriate, to conduct toxicology studies using ambient particles along with co-pollutant gases to fully understand the links between source emissions and effects (National Research Council 1998, p. 74; Miller 2003) .
When sufficient data are available, the use of receptor models can identify possible sources of the particles. Several types of models are available; some are useful when the emissions of species unique to the source are known, while others can identify source categories based entirely on ambient data. The former approach is known as the Chemical Mass Balance, where specific trace metals, organic compounds, and molecular markers can be used in source apportionment resulting in identification of specific source types. The latter approach, known as Factor Analysis, includes statistical methods that can explore the structure of a dataset to identify possible sources (Hopke 2003 ). An example of Factor Analysis is Positive Matrix Factorization, an approach that has been applied to ambient and indoor PM data; recent work has shown that this method can avoid many of the uncertainties associated with Principal Component Analysis (Zhou et al. 2004a) . Positive Matrix Factorization can be used with noncompositional data such as particle size distributions (Zhou et al. 2004a ) and can accomodate the combination of data from instruments operating at different sampling time intervals (Zhou et al. 2004b ). However, the ability for receptor models to identify sources is based on the chemical species and physical characteristics (e.g., size distribution) available from the monitoring studies. Currently, national routine monitoring networks provide data only for a limited number of species and source categories, including nonspecific categories for secondary aerosols (e.g., sulfate and nitrate). Nevertheless, the size of the networks, having multiple sites in a given area or region, also provides strength to the receptor model analyses.
Although a wealth of data exists on emissions from stationary and mobile sources, there are still large uncertainties in our ability to estimate accurately emissions from other sources, since size distributions and chemical composition changes as meteorology, co-pollutants, and operating conditions vary. Furthermore, the measurements can be affected by sampling conditions and techniques (Lipsky et al. 2002) . Emissions from natural sources and anthropogenic non-combustion sources are generally less well understood than those from anthropogenic combustion.
D. When and Where Are People Exposed to PM?
People are exposed to PM on a continual basis, while in their residences and workplaces, while commuting, and during recreation and other leisure activities. Recent research has attempted to quantify these exposures using personal monitors, where people carry sampling instruments as they go about their daily activities. Data from personal monitors have been compared with 24-hour average exposures estimated from stationary PM samplers at central ambient monitoring sites; the latter appear to represent personal exposure reasonably well for SO 2− 4 and in some cases for total PM 2.5 mass (U.S. EPA 2003; Samet et al. 2000; Suh 2003 ). However, estimating personal exposure to many other chemical species in PM, as well as estimating short-term peak exposure, require consideration of concentrations in each microenvironment. There also is a need to explore personal exposures that are unusual (e.g., indoor vacuum cleaning) with respect to proximity to sources, or that occur during activities that generate high levels of pollutants. The problem is complicated because the susceptible populations only have been generally identified, and their locations and activities during exposure are poorly documented. Klepeis et al. (2001) estimate that people in the United States spend an average of 87% of their time indoors. The number of possible indoor environments is apparent from Figure 7 , reporting where people in California spend their time on a typical workday (Ott 1995) . From these data, it is clear that modeling exposure is a complex task, as it is affected by people's activity patterns, characteristics of their residence (indoor sources, proximity to outdoor sources, and type of housing), characteristics of their workplace, socioeconomic status, and topography/ meteorology in their living and working locations. Nevertheless, modeling exposure both indoors and outdoors is important: Long et al. (2000) suggest that some types of PM generated indoors can be hazardous. For example, data from Naumova et al. (2002) and Weisel et al. (2005) show lower levels of soil dust, SO adverse health effects consistently correlate with ambient data collected at a central monitoring location.
People also may be exposed to excessive levels of PM while in traffic. Zhu et al. (2002a) have shown that the airborne concen- FIG. 8 . Airborne concentrations relative to the maximum concentration for several species as a function of distance from a major freeway . Upwind is to the left of 0, while downwind is to the right. The symbols refer to the following species: black squares (PM), white squares (particle number), black triangles (black carbon), and white circles (carbon monoxide). Reprinted with permission from the Air and Waste Management Association.
trations of CO, EC, and particle number are much greater at a site on a Los Angeles freeway than a short distance away (Figure 8 ). Consistent with this result, Sioutas (2003) shows that EC concentrations in vehicles in LA traffic are 10-30 times greater than the urban background. He also reports ultrafine PM number concentrations as high as a half million counts per cm 3 air in traffic, suggesting that a 24-hour exposure of ultrafine PM may be dominated by the fraction of time commuters spend driving. Exposures to ultrafine particles may be especially high in winter, when mixing heights are lower and dispersion is poorer, both of which can result in higher concentrations of ultrafine particles. Rapid particle growth and turbulent mixing in summer result in much lower number concentrations, with the possible exception of exposures near significant sources.
Understanding the key factors influencing human exposure is necessary if we are to develop successful control strategies to reduce health impacts of PM. This will require source-receptor modeling to identify specific source impacts at receptors, in conjunction with state-of-the-art personal and ambient monitoring. For example, new developments in continuous monitors have improved the ability to identify sources though receptormodeling tools. Identifying the roles of outdoor and indoor aerosols in total personal exposure also is important, as well as quantifying emissions from indoor sources and understanding atmospheric processes indoors.
E. Who Are the Susceptible Subgroups Affected by PM? What Host Characteristics Underlie Their Susceptibilities?
Based on associations developed through epidemiology studies, people exposed to a high ambient PM concentration appear to have a range of responses: most people show no clinical effects, others may become mildly or even seriously ill, and a few may die. The factors responsible for these striking differences in susceptibility are not well understood. However, people weakened by illnesses such as cardiovascular disease, asthma, or diabetes may be more susceptible, as well as people with nutritional deficiencies (e.g., Costa 2003) . Furthermore, PM 10 epidemiologic data summarized by Schwartz (2003) suggest that susceptibilities vary with race (whites are more susceptible than blacks), gender (females are more susceptible than males), and age (the elderly and the very young are more susceptible than young adults). Different susceptible groups have been identified in different studies, and even within each group there is wide variation in susceptibility.
One way to approach susceptibility is in terms of dosimetry considerations, that is, identifying factors causing the dose of PM to be higher in certain individuals (Bennett 2003) . Some people with chronic obstructive pulmonary disease are known to have higher total deposited doses of particles in their lungs. They also have more uneven deposition, which produces local regions of much higher dose than that seen in normal people. Individuals whose lungs have impaired clearance functions, that is, reduction in the activity of the mucous membrane that clears particles deposited on the airway walls, may be more susceptible to the effects of deposited particles. Cassee (2003) notes that people who breathe mainly through their mouths rather than their noses can receive higher particle doses to their bronchial and alveolar airways.
Genetic factors also can be responsible for significant differences in susceptibility. Kleeberger (2003) summarizes experiments underway using animal models to identify genetic factors. Some diseases that increase susceptibility can be transmitted genetically, and laboratory models can be used in certain cases to identify the genes associated with these diseases. The recent availability of a large variety of genetically engineered rodent models permits valuable studies of both mechanisms of PM action and factors that modify susceptibility.
Toxicological studies can provide information on factors related to susceptibility, but as of yet such research has focused on the effects of PM on animals that are old or have chemically damaged lungs (Cassee 2003) . Nevertheless, such studies can be crucial in understanding the specific damage done by inhaled particles. For example, Frampton (2003) summarizes several pathways by which PM can cause damage to cells in the lung as well as to other tissues in the heart, liver, bone marrow, and brain.
Much remains to be studied on susceptibility to PM. For the present, only broad subgroups of the population can be characterized as most sensitive. The underlying reasons why some individuals suffer adverse effects and others do not are, in most cases, still unknown.
F. What Relations Exist between PM and Human Welfare?
Two important aspects of human welfare in the context of PM are climate change and visibility (i.e., the ability to see an object in the distance). The effects of PM on climate change are complex, with both direct and indirect effects. Direct effects involve scattering and absorption of the sun's energy by atmospheric PM. In some cases, the presence of particles may increase the reflectance of solar energy back to space above the reflectance expected based on the earth's normal albedo. This increased reflectance results in a net cooling of the earth. In other cases, the particles may increase the absorption of radiation, resulting in a net warming effect. Factors such as the angle of the sun and the particle size, shape, and composition determine whether the direct effect causes cooling or warming. For example, ammonium sulfate particles have high reflectance and hence cause cooling, while EC has high absorption and is therefore believed to result in warming. In fact, EC may be the second most important anthropogenic atmospheric constituent contributing to global warming, after CO 2 (Jacobson 2002; Hansen and Sato 2001) .
The indirect effects relate to changes in cloud cover caused by particles serving as cloud condensation nuclei. A greater fraction of cloud cover means a greater reflectivity of solar energy back to space, resulting in cooling. The characteristics of the clouds themselves also can be affected by PM. Adams (2003) has shown that formation of clouds in regions of high PM concentration results in large numbers of tiny cloud droplets, yielding brighter clouds that persist for longer time periods. Formation of clouds in clean air tends to produce smaller numbers of large droplets, resulting in clouds that are less reflective than those with smaller droplets. Hygroscopic particles such as ammonium sulfate are efficient cloud condensation nuclei and can have a significant indirect effect.
Visibility decreases when airborne particles scatter light, thereby reducing the contrast in light intensity between a distant object and the background sky. The reduction can be striking: one can see objects 200 kilometers away or more in clean, dry air, but polluted air can restrict visibility to less than a kilometer. Malm (2003) reports that reduced visual range can have a marked influence on the psychological well being of people, increasing stress and degrading the enjoyment of outdoor leisure activities.
Some of the same constituents of PM that affect climate change also affect visibility. Elemental carbon is an example, participating in atmospheric warming as well as visibility reduction due to light absorption. Another example is ammonium sulfate, which can scatter light back into space, so that energy is lost from the atmosphere resulting in a cooling effect; this same scattering also reduces visibility. Thus there is a close link between these two different phenomena.
Extensive visibility studies have been conducted in the western states, where terrain features and dry air make even slight degradation noticeable. Malm (2003) reports that particles reducing visibility in the rural West are primarily ammonium sulfate, ammonium nitrate, organic compounds, soil, and coarse dust particles. The hygroscopicity of each type of particle, i.e., the tendency to grow by uptake of water in high humidity conditions, affects the light scattering and hence the visibility. It is necessary to account for changes in relative humidity to which the particles have been previously exposed: particles in dry air that formerly experienced high humidity may be different from particles of the same composition in dry air that have never been in a humid atmosphere (Pandis 2004, pp. 3-7 and 3-8) .
G. What Relations Exist between the PM Problem, Other Air Quality Problems, and Issues Such as Energy Use and Economic Development?
Several studies have examined which pollutants have increasing concentrations when hospital admissions for cardiac and respiratory problems increase. In general, these studies show correlations between hospital admissions and daily variations in measures of PM mass, particle number, or certain components of PM, as well as correlations with pollutant gases such as SO 2 , O 3 , and CO. However, the results are not consistent across studies, suggesting that there may be complex interactions among various pollutants that affect health, or that non-PM factors, which vary with PM levels, are causal (Valberg and Watson 1998) .
In addition to global climate change discussed above, local climate also is linked to PM. For example, high elemental carbon concentrations in some Asian cities affect the hydrologic cycle due to absorption of the sun's energy (INDOEX 2003) . Reducing airborne concentrations of this species can allow precipitation to become closer to normal in addition to potentially reducing health effects.
Production of electricity is a significant anthropogenic source of PM 2.5 ( Figure 6 ). There is currently a complex regulatory schedule for reducing emissions of SO x , NO x , and Hg from power plants throughout the U.S. Once these reductions are achieved, airborne PM should be reduced significantlyexpected in most cases to be below the NAAQS. However, the residual PM will have a greater fraction of carbon, as the regional strategies for reducing SO 2 and NO x do not address this component. EPA recognizes the need for a robust strategy to control all of the major PM 2.5 components; while they are leading the regional program with a focus on SO x and NO x emissions from stationary sources, there are now significant new national rules for the major anthropogenic carbonaceous sources, namely on-road and off-road diesel engines (Bachmann 2003) .
Future efforts will most likely integrate air quality management into broader programs, such as urban planning, energy management, land use, and mitigation of global climate change. Table 2 presents a tentative schedule showing that PM 2.5 attainment must be achieved in some regions as early as 2010; the EPA review of the PM 2.5 standard scheduled for that year is Measures of health effects for evaluating progress generally include reduction in death rates, hospital admissions, or other health endpoints as a result of decreasing PM 2.5 concentrations. There have been several "studies of opportunity" where health effects in a population are monitored before and after major changes in emissions, due to fuel use changes, a labor strike, or new regulations. As shown earlier in Figure 4b , there is a correlation between black smoke and cardiovascular disease: the original data show that a 70% drop in black smoke concentration results in a 10% reduction in this disease (Clancy et al. 2002) . Pope (1992) reports a 4-5% decrease in mortality when airborne PM 10 fell by 50 µg/m 3 due to a steel mill strike in Utah. Deaths from all causes fell 1.8-2.8% in Hong Kong after 1990 when a regulation went into effect limiting the sulfur content of fuel to 0.5% (Hedley et al. 2002) . Such studies are confounded by concurrent changes in lifestyle, which have also improved public health.
One of the main challenges in evaluating progress is having consistent data on PM 2.5 and its effects over a long period of time-generally several years. With the assumption that decreasing PM concentrations will reduce adverse health effects, we can evaluate progress by noting lower PM levels as a result of decreasing emissions. Some of the most detailed studies have been conducted in the South Coast Air Basin in California, where automotive emissions have been decreasing for the past two decades. Blanchard (2003) (Blanchard 2004) . The lack of reductions in ambient nitrate may be due to the more limited reductions in NOx relative to SO 2 , a greater increase in NOx emissions from, for example, a greater number of motor vehicles, or due to nitrate substitution, that is, as sulfate concentrations decline, more ammonia is available to react with nitric acid and form aerosol nitrate.
Despite the wealth of data available, Mauderly (2004) observes that we still do not know how much of the total health burden in the general population is due to PM exposure. Although our knowledge is advancing, there is still considerable uncertainty about the level of health risk per unit of PM and the relative roles of PM and co-pollutants. Similarly, although many PM characteristics have been shown to be important in laboratory studies our lack of careful comparisons of compositiondose-response relationships leaves considerable uncertainty regarding the roles of size and chemical composition (U.S. EPA 2004d) . Making progress on these fronts will require more complete records of health measures and ambient concentrations over longer periods of time.
CONCLUSIONS
Reducing the health (and welfare) effects associated with ambient PM is not a simple undertaking. It involves understanding not only the effects of PM, but also the linkages between PM (or precursors) emitted from sources and how that PM makes its way through the air and into the human body. Each step along the way between source and health effect is complicated and makes it difficult to link the observed effect back to the specific source or even source type. For example, roughly half the total global emissions of PM 2.5 and precursor species (∼500 Tg/year) are emitted from anthropogenic sources with the other half from natural sources. The distribution of those emissions in air and resulting PM varies greatly in size and composition, and thus, PM 2.5 concentrations vary widely over space and time.
The health effects of PM are thought to be strongly associated with particle size, composition, and concentration, even though relative risk estimates indicate that the risk per unit PM mass falls within a limited range of values for these parameters. As well, a combination of species and daily variations in PM mass and composition are believed to contribute to the toxicity of the particulate matter air pollution. Furthermore, measuring the relevant parameters and quantifying the health effects are extremely challenging, as numerous external factors, including meteorology and socioeconomic aspects of the human lifestyle, strongly affect human morbidity and mortality. Identifying and correcting for the effects of confounding factors remain a difficult task.
People are exposed to PM 2.5 from many sources as they go about their daily activities, spending time in their homes, at work, in recreation, and in traveling. This is further complicated by the knowledge that some individuals or segments of the population are more susceptible to PM exposures, due to factors such as respiratory habits (e.g., mouth breathing versus nose breathing), pre-existing diseases, or genetics. Given all these complications, it is interesting to note that fixed monitoring stations at a central urban site seem to provide reasonable estimates of total exposure of an individual to PM 2.5 mass and some secondary species like SO 2− 4 . However, determining concentrations of other species such as metals and organic compounds may require measurements in each microenvironment.
The PM pollution problem is still further complicated by human welfare and socioeconomic effects. Two important PM welfare effects include climate change and visibility degradation. High PM levels can influence the way light and heat energy are transmitted though the atmosphere, and thus impact the earth's radiation balance that controls climate. Particles also absorb and scatter light, resulting in hazy skies and poor visibility. Some species, like sulfate and elemental carbon, influence both phenomena as well as likely health effects. The PM problem also is closely linked to issues such as production of energy and economic development. Energy production stimulates the economy but also can result in higher PM 2.5 levels, making consideration of tradeoffs important. Future efforts are likely to integrate air quality management into urban planning and development as well as efforts to mitigate global climate change.
Finally, evaluating progress in reducing the effects of PM requires data collection over long time periods and detailed statistical analyses. Several programs are underway to monitor atmospheric PM and to track changes in emissions, ambient concentrations, and effects as well as to communicate the data to the broader scientific community.
